Any technology for quantum information processing (QIP) [1] must embody within it quantum bits (qubits) and maintain control of their key quantum properties of superposition and entanglement. Typical QIP schemes [2] envisage an array of physical systems, such as electrons or nuclei, with each system representing a given qubit. For adequate control, systems must be distinguishable either by physical separation or unique frequencies, and their mutual interactions must be individually manipulable. These difficult requirements exclude many nanoscale technologies where systems are densely packed and continuously interacting. Here we demonstrate a new paradigm: restricting ourselves to global control pulses [3] we permit systems to interact freely and continuously, with the consequence that qubits can become delocalized over the entire device [4, 5] . We realize this using NMR studies of three 13 C nuclei in alanine, demonstrating all the key aspects including a quantum mirror, one-and two-qubit gates, permutation of densely packed qubits and Deutsch algorithms.
Any technology for quantum information processing (QIP) [1] must embody within it quantum bits (qubits) and maintain control of their key quantum properties of superposition and entanglement. Typical QIP schemes [2] envisage an array of physical systems, such as electrons or nuclei, with each system representing a given qubit. For adequate control, systems must be distinguishable either by physical separation or unique frequencies, and their mutual interactions must be individually manipulable. These difficult requirements exclude many nanoscale technologies where systems are densely packed and continuously interacting. Here we demonstrate a new paradigm: restricting ourselves to global control pulses [3] we permit systems to interact freely and continuously, with the consequence that qubits can become delocalized over the entire device [4, 5] . We realize this using NMR studies of three 13 C nuclei in alanine, demonstrating all the key aspects including a quantum mirror, one-and two-qubit gates, permutation of densely packed qubits and Deutsch algorithms.
Many theoretical schemes for implementing quantum information processing have been suggested. The majority of these proposals, including most solid state schemes, involve an array of elementary systems (Fig. 1) , with some form of physical interaction coupling neighboring elements [2, 6, 7, 8] . Conventionally one aims to suppress this interaction most of the time in order to isolate qubits, thus ensuring that they do not suffer unwanted entanglement with one another. When two qubits are required to participate in a gate operation, their interaction is 'switched on' for example by altering a nearby electrode potential [2, 6] , by moving the relevant systems into closer proximity [9] , or by making a local measurement on the two systems [10] . However, regardless of the mechanism for this control, it constitutes a major design challenge and necessarily limits the range of systems that can be supported. Moreover the proximity of control elements is liable to be a primary decoherence source.
The information processing potential of an array of identical, permanently coupled systems was first appreciated in the context of state transfer [11, 12, 13, 14, 15, 16] . A chain of spins with suitably engineered couplings has the property that a qubit placed on one end will later manifest at the other, even though at interven- [4, 5] show that one can instead employ an array of identical systems, which continuously interact with their neighbors. (c) Qubits, initially localized on specific sites (left), will rapidly delocalise and overlap. Using global control signals one can direct this process so that qubits successively delocalise, reflect from each end of the chain, and revive on specific sites. (d) In one approach [5] , we can exploit the edges of the array to perform operations on specific qubits as they reflect from it. The pattern of global pulses may optionally be reversed to quickly relocalize the qubits. (e) Gate operations between qubits involve trapping part of one qubit at the edge until the second reaches it and an interaction can be synthesized.
ing times it is distributed over the chain. When more than one qubit is placed on the chain, each will manifest at the complementary site, but typically the qubits will have acquired entangling phases. This can in principle be employed to process information [16, 17] rather than simply transmitting it, but in order for a spin chain to exhibit this powerful natural dynamics it is necessary to engineer the chain for a specific pattern of spin-spin coupling strengths [18] . Fortunately, two recent proposals [4, 5] have demonstrated that mirror inversion can be achieved with a regular spin chain if a global signal pulse is applied to the system repeatedly during its dynamical evolution. In Ref.
[5] a procedure is described whereby a spin chain with Hamiltonian H Ising = J
is subjected to stroboscopic global pulses in order to synthesize a periodic update of CZ (a controlled-phase gate between all nearest neighbors) followed by H (a Hadamard gate applied to each spin). The procedure exploits the ends of a chain: the terminating spins have a unique environment and therefore are effectively a distinct species. The global pulse prescription is the same regardless of the number [5] with a higher storage density. Qubits are stored in blocks of length M along the array, with 'buffer' spins marking each division; here we depict M = 3. In (a) two blocks are drawn separately for clarity; the system with both blocks present is drawn in (b). The necessary intrablock logic operations are depicted in panel (c).
of internal spins, and will generate a perfect mirror.
In our first experimental demonstration, we have realized precisely the predicted mirror behavior in a threespin NMR device [19, 20, 21] , specifically 13 C-labeled alanine in solution in D 2 O [22], see Fig. (2) . Three mirror cycles where implemented, without loss of qubit integrity. All gates were applied as global pulses using strongly modulated composite pulses [22] , except that selective pulses were applied to the end spins where necessary. The signal loss observed arises from a combination of decoherence and accumulated errors, and the global quantum mirror is clearly far superior to a conventional approach based on swap gates. During each mirror cycle, the central qubit becomes delocalized over the whole chain and then revives, while the outer qubits delocalize over two adjacent sites. We emphasize that this experiment represents the first successful demonstration of a fully scalable quantum mirroring procedure.
The authors of Refs. [4, 5] proceed to show, by two quite different approaches, that the cycle of qubit delocalization and revival can be further refined in order to perform quantum logic and therefore general quantum computation. These elegant schemes constitute perhaps the simplest models, in terms of experimental requirements, that have ever been derived for QIP. Here we develop the scheme of Ref. [5] , which has the merit of explicit support for real Ising interactions.
For state mirroring it is possible to store one qubit on each physical spin, but generally this is not true for FIG. 4 : An NMR implementation of inter-block logic operations, performing Deutsch's algorithm on a two-qubit computer with the central spin used as a buffer. The circuit for this algorithm is shown in (a) while (b) depicts the key twoqubit gate needed for f01 and f10: spin A is inverted during CZ operations isolating its qubit from the mirror process and trapping it at the edge until the second qubit is brought into contact. Experimental results are shown in (c); as expected the signal from spin C is in emission, spin B gives no signal, and spin A is in absorption for the constant functions f00 and f11 and emission for the balanced functions f01 and f10.
full QIP under global control. In previous schemes the number of qubits is a fraction of the total number of physical spins; according to the details of the protocol, this storage density may be an eighth [23] , a quarter [4] , a third [3] or a half [24] . In Ref. [5] , the storage density has the relatively high value of one half: every second spin is a buffer, providing separation between qubits so that, at certain moments, only one qubit 'touches' the chain end and logic operations can be synthesized, see Fig 1. Here we propose and demonstrate a new method of block encoding qubits so that an arbitrarily small fraction of ancillary qubits can suffice, and the storage density approaches unity. There is an associated time overhead for storage densities above two-thirds. Our scheme, which we describe in Fig. 3 with further details in the Methods and Supporting Material, involves two types of process: inter-block logic and intra-block logic. During the cycle of delocalization and revival the qubit at each end of every block will at some point be the sole qubit affecting the edge spin. At such times one can apply single qubit gates to these qubits, or 'freeze' them for a subsequent two-qubit gate [5] . However, qubits within each dense block cannot be manipulated in this way. It is therefore necessary to permute qubits within blocks in FIG. 5: An NMR implementation of intra-block logic on a 3 spin system. Spectra in (b) show how a z-rotation can be performed on the central spin using global control methods as shown in (a); note that the final step (fixing the spurious local gates) can normally be omitted if swaps are performed in pairs. Spectra are shown for the pseudo-pure initial state |0 |+ |0 (an absorption signal on spin B) which is converted to |0 |− |0 (an emission signal on spin B) by the Sz gate. Spectra in (c) show complete implementations of the Deutsch-Jozsa algorithm (analyzing functions from 2 bits to 1 bit) for the constant function f1111 and the balanced function f0011 whose implementation requires a controlled-not operation between qubits A and C which are not directly coupled.
order to bring selected qubits to the border. Gate operations
and S z = exp(−iπ/4 σ z ) are combined as shown to produce a qubit swap plus spurious local gates which can be corrected. All blocks can be permuted in this way, leading to a modest time overhead factor of order M .
We therefore performed two families of experiments to demonstrate both classes of operation. In each case we prepared spins in a pseudo-pure initial state by spatial averaging [19] . For inter-block logic, we used the central spin as a buffer and implemented one-and two-qubit logic, employing these gates in a two-qubit Deutsch algorithm [20] , see Fig. 4 . We emphasize that a chain of any length would use precisely the pulse sequences we have experimentally realized on our three-spin device. Longer chains would simply employ extended periods of the regular inversion-generating global pulse sequence in order to propagate qubits to the chain edge. In order to demonstrate intra-block logic we prepared our three-spin system with a single triple-qubit block as depicted in Fig. 3 . Our experiments, shown in Fig. 5 , exhibit two crucial operations: a single qubit phase gate applied to the central qubit, and a two-qubit gate between the outer qubits, which do not directly interact. The steps involved in the phase gate are shown in detail, while the use of the two qubit gate is demonstrated in an instance of the DeutschJozsa algorithm.
In conclusion, we have performed a series of experiments which constitute the first experimental demonstration of globally controlled quantum computation with delocalized qubits. Our demonstrations included the first quantum mirror to have been realized with a fully scalable procedure. We introduced a theoretical scheme for computation with high density qubit storage, and realized all the key aspects of that scheme. Deutsch and Deutsch-Jozsa algorithms were implemented as example quantum tasks. Our new scheme minimizes the number of ancillary qubits so maximizing the computational power of a given spin chain. This work demonstrates the feasibility and power of the global control paradigm, and opens the way to implementing QIP on a far wider range of systems than previously explored.
METHODS
The inter-block gates previously described [5] do not require that each qubit be surrounded by buffers, but simply that a qubit have one neighbor in a buffer state (see Supporting Materials). Thus these techniques can be applied to the terminal qubits in a block of any length. To apply gates to qubits inside a block requires these qubits to be permuted to the outside. The permutation operations in Fig. 3 are performed using global control with the basic operations U 2 = CZ S A x CZ and U 1 = H U 2 H; spurious local gates are most simply corrected by reversing the swap sequences after the desired local gate is applied to a terminal spin. This network will work for any value of M , and moving selective pulses from the first spin to the last spin in a block allows gates to be performed on the second last spin. Qubits 2 and 3 can be swapped in the same way by replacing U 2 with CZ H U 2 H CZ, and similarly for U 1 . Successive swap operations allow any single-qubit operations on any qubit. To implement two-qubit gates note that U 2 = exp(−iπ/4 σ A x σ B z ) is itself a non-trivial two-qubit gate, and so in combination with single-qubit gates is universal.
The CZ operation can be implemented in an NMR system using a spin-echo pulse sequence, with global zrotations either combined with Hadamard gates to give simpler single-qubit gates or performed by frame rotations [21] . Selective z-rotations may be achieved with composite Z-pulses [21] . All NMR experiments were performed on a Varian Inova 600 MHz spectrometer, with 1 H-decoupling applied during pulse sequences and acquisition to simplify the spin system. The NMR sample comprised 20 mg of uniformly 13 C-labeled alanine dissolved in 0.75 ml of D 2 O at 25
• C. Strongly modulated composite pulses were designed to tolerate moderate rf inhomogeneity [22] . Partial refocusing [25] was used to scale down J AB to the same size as J BC , and the small coupling J AC was neglected. Initial states were prepared using conventional NMR techniques, but all subsequent manipulations were performed using global control except where explicitly indicated.
